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Giant enhancement and sign inversion of optical Kerr nonlinearity in random high index
nanocomposites near Mie resonances
Andrey V. Panov∗
Institute for Automation and Control Processes, Far East Branch of Russian Academy of Sciences, 5, Radio st., Vladivostok, 690041, Russia
The optical Kerr effect of nanocomposites consisting of high refractive index (GaP) spheres is studied by
means of three-dimensional finite-difference time-domain (FDTD) simulations at the wavelength of 532 nm.
The effective nonlinear refractive index of 0.8 µm thick nanocomposites and metasurfaces is evaluated. It is
shown that the optical Kerr nonlinearity of the nanocomposites rises by orders in proximity to Mie resonances
and may exceed the second-order refractive index of the bulk material. The nonlinearity enhancement is more
pronounced for the metasurfaces. Unexpectedly, the sign of the effective optical Kerr coefficient is inverted for
some range of the sphere sizes above the Mie resonances.
During the past years, dielectric metasurface technology
has been rapidly developed. The dielectric metasurfaces com-
prising interfaces patterned by high index particles of sub-
wavelength size exhibit exceptional abilities for controlling
light [1]. Nowadays, the shape and size of the high index par-
ticles can be precisely governed. For example, in Ref. [2],
it was demonstrated the fabrication of the metasurfaces as
monolayers of silicon nanoparticles of various shapes, sizes
and compositions.
In recent years, nonlinear optical properties of nanostruc-
tures containing dielectric high indexMie-type resonant parti-
cles have attracted much interest due to their potential applica-
tions for designing light sources, optical modulators and novel
ultrafast metadevices [3]. Near the resonances, the nanocom-
posites exhibit inherently large nonlinear response because of
optical field localization in the nanoparticles. These particles
with high refractive index show enhanced optical nonlinearity
owing to the field concentration at the optical resonances [4].
Mostly, researchers study elevated third harmonic generation
in such nanocomposites. The efficiency of the harmonic gen-
eration with near resonant particles is enhanced by two orders
of magnitude with respect to the bulk material [5]. Yang et al.
[6] measured even higher increase in the third harmonic gener-
ation by a Fano-resonant silicon metasurface with the 1.5×105
factor in relation to an unpatterned Si film. Also, the silicon
nanoparticles exhibited Raman scattering elevated by two or
three orders of magnitude at Mie-type resonances [7, 8]. An-
other nonlinear optical phenomenon, the optical Kerr effect, is
frequently utilized to design all-optical switching compact de-
vices. However, the effective Kerr nonlinearity of the systems
of dielectric Mie-type resonant particles has been left unin-
vestigated. This work provides the study intended to fill the
gap.
Recently, there was proposed a method of restoration of
the effective Kerr nonlinearity of nanocomposite media on
the base of three-dimensional finite-difference time-domain
(FDTD) simulations of light propagation [9]. This technique
exploits the phase change induced by the studied sample to
the transmitted Gaussian beam. This phase change is com-
puted for different intensities of the Gaussian beam enabling
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one to estimate the real parts of the nonlinear refractive index
of the sample.
In this work, the procedure presented in Ref. [9] is applied
to evaluation of the effective nonlinear refractive index of the
random nanocomposite containing identical spherical high in-
dex inclusions with sizes close to the lowest Mie resonances.
The disordered arrangement of nanoparticles employed here is
expected to be less affected by mutual interplay as compared
to lattices. The effective second-order index of refraction is
estimated at the light wavelength of 532 nm for the thick
nanocomposites and the metasurfaces containing one layer of
the spheres.
The studied samples represent the random arrangement of
the disjoint spheres of the same radius r in space or on plane.
The medium surrounding the spheres is air. As depicted in
Fig. 1, the modeled Gaussian beam falls perpendicularly on
the specimen with intensity-dependent index of refraction
n = n0 + n2I,
where n0 is the linear refractive index, n2 is the second-order
nonlinear refractive index, and I is the intensity of the wave.
Then, the phase change on the axis of the transmitted beam
is calculated in several points in the phase monitor positioned
far enough from the sample. The linear fit of the phase change
against the beam intensity provides the real part of the second-
order index of refraction n2. The nonlinear refractive index
computed in the several points permits to estimate its average
and standard deviation.
The gallium phosphide (GaP) has a high linear refractive
index n0 in = 3.49 at wavelength λ = 532 nm [10] and
moderately low extinction coefficient (0.0026) which was ne-
glected in this study. Thus, GaP was selected as a mate-
rial of the inclusions for modelling. The third-order optical
susceptibility of the bulk gallium phosphide was measured
in the visible range as χ
(3)
in
≈ 2 × 10−10 esu [11] that yields
n2 in ≈ 6.5 × 10
−17 m2/W. The values of n2 measured for the
infrared wavelengths are one order of magnitude lower than
the first estimate [12, 13]. The first value was applied to the
computations. In any case, the values of effective n2 eff calcu-
lated in the present work can be scaled for adoption to other
magnitude of the second-order index of refraction of bulk GaP.
As the size of particles approaches the Mie resonances, the
shape of the Gaussian beam transmitted through the specimen
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Figure 1. Schematic diagram of the three-dimensional FDTD simula-
tion of the Gaussian beam propagation from the light source through
a nonlinear nanocomposite. The instant electric field data gathered in
the phase monitor allows one to calculate the phase shift introduced
by the specimen. The phase shift carries the information about the
nonlinear refractive index of the sample. There are perfect matched
layers (PML) at the boundary of computational domain.
is considerably distorted so the size of the FDTD computa-
tional domain should be enlarged to obtain the stable results.
The size of the computational domain for simulations was
4×4×30 µmwith the space resolution of 5 nm. In the simula-
tions, the distance between the Gaussian beam source and the
studied sample was 0.9 µm, the beam radius w0 at the beam
waist was 1.1 µm.
At the Mie resonances, the small dielectric spheres with
the high refractive index display modes with the self-main-
taining oscillations of the electric and magnetic fields. The
first resonance in the dielectric particles with relative permit-
tivity ε > 0 is a magnetic dipole resonance. According to
Debye formulas, the lowest magnetic dipole and quadrupole
Mie resonances for the standalone GaP spheres at λ = 532 nm
are anticipated for the radii of r = 76.1 and 108.9 nm, the
first electric resonance is expected at r = 100.0 nm [14, 15].
This values may be changed significantly in a periodic lattice
of the particles or at large concentrations of inclusions (see,
e.g. [16]). Fig. 2 depicts the effective linear refractive index
n0 eff of the 0.8 µm thick disordered nanocomposite calculated
using the FDTD simulations. The number of particles in the
sample with the size of 4 × 4 × 0.8 µm was fixed to 725, the
radius of the spheres was varied. For comparison, the real
parts of the effective index of refraction resulting from the ef-
fective medium formulas [17, 18] are shown. It is worth to be
mentioned that Lewin’s theory [17] describes the cubic lattice
of the spheres taking into consideration the first electric and
magnetic Mie resonances. The similar effective medium ap-
proximation for the random distribution of dielectric spheres
is developed in Ref. [18]. The dips of the curve n0 eff(r) cor-
respond to the Mie resonances. As can be seen from Fig. 2,
the dependence n0 eff(r) obtained using FDTD simulations cor-
relates with Lewin’s theory while the first electric resonance
is shifted by the model of Ref. [18]. Thus, the present study
showed that, at least, the first magnetic and electric resonances
are not changed appreciably for moderate volume fractions of
the randomly positioned spheres.
Table I provides the calculated values of the effective
intensity-dependent refractive indexes of 0.8 µm thick sam-
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Figure 2. The effective linear refractive index of the 0.8 µm thick
random nanocomposite as a function of the sphere radius r for a fixed
number of the particles (725). The effective refractive index n0 eff
is calculated using FDTD modeling, n0L and n0 S are results of the
effective medium theories [17, 18].
ples with different radii of the spheres. The estimates of the
effective optical Kerr nonlinearity of disordered metasurfaces
are tabulated in Tab. II. The metasurfaces were monolayers of
the particles of the same radius. The thickness of the meta-
surface was equal to the diameter of the sphere. For com-
parison, n2 resulting from the non-resonant effective medium
theory [19] is given in Tabs. I, II. Previously, in Ref. [9] it
was shown that work [19] predicts maximum magnitudes of
the effective third-order susceptibility among other effective
medium approximations. For some sizes of inclusions, sev-
eral realizations of random arrangement was utilized for the
FDTD simulations, these cases are seen in the tables as rows
with the same particle radii. To validate, the 1.6 µm thick
sample with spheres having the radius of 72 nm was modeled.
The results are comparable with the 0.8 µm thick sample. The
wide scatter of the retrieved magnitudes of the nonlinear re-
fractive index of the metasurfaces with different arrangements
of the 80 nm radius spheres may be associated with large vari-
ations of the particle density. These samples were modeled as
159 nanoparticles lying in the 4× 4 µm area. The interparticle
interactions are amplified in the vicinity of the resonance.
It is particularly interesting that in the neighborhood of the
optical resonances n2eff is several orders of magnitude larger
than would be expected from the non-resonant nonlinear ef-
fective medium theory and even exceeds the second-order re-
fractive index of bulk GaP (6.5 × 10−17 m2/W). This phe-
nomenon arises from the giant field concentration inside the
high index spheres close to the resonances [4]. The optical
Kerr nonlinearity of the nanocomposite is larger than that of
the bulk material by one or two orders of magnitude near the
Mie resonances. The similar behavior of the third harmonic
3r,
nm
f , % n0 eff n2eff , m
2/W n2RZPA, m
2/W
20 0.2804 1.00334 (5 ± 2) × 10−21 4.514 × 10−21
20 4.591 1.0774 (1.19 ± 0.09) × 10−19 1.065 × 10−19
30 0.9063 1.01196 (2.6 ± 0.7) × 10−20 1.537 × 10−20
40 2.060 1.02929 (1.1 ± 0.2) × 10−19 3.847 × 10−20
50 3.860 1.0633 (5.2 ± 0.5) × 10−19 8.409 × 10−20
60 6.408 1.1256 (4.8 ± 0.3) × 10−18 1.743 × 10−19
65 7.988 1.1809 (2.7 ± 0.2) × 10−17 2.499 × 10−19
70 9.784 1.296 (4.8 ± 0.9) × 10−16 3.597 × 10−19
72 10.56 1.363 (5.1 ± 0.9) × 10−16 4.168 × 10−19
75 11.80 1.398 (3 ± 1) × 10−16 5.211 × 10−19
76 7.338 1.23 (−4.8 ± 0.7) × 10−15 2.167 × 10−19
77 12.68 1.315 (−1.2 ± 0.3) × 10−15 6.060 × 10−19
78 7.870 1.050 (−3.5 ± 0.1) × 10−16 2.437 × 10−19
78 13.13 1.26 (−1.45 ± 0.06) × 10−15 6.538 × 10−19
80 14.05 1.17 (−6.8 ± 1.6) × 10−16 7.621 × 10−19
80 14.05 1.18 (−8.2 ± 0.5) × 10−16 7.621 × 10−19
82 15.02 1.141 (−1.0 ± 0.8) × 10−16 8.897 × 10−19
85 16.54 1.198 (1.1 ± 0.4) × 10−16 1.126 × 10−18
90 19.27 1.31 (1.2 ± 0.4) × 10−16 1.679 × 10−18
101 7.852 0.96 (−1.3 ± 0.7) × 10−15 1.031 × 10−19
105 28.97 0.39 (8.5 ± 2.9) × 10−16 5.657 × 10−18
107 30.44 1.15 (1.0 ± 0.3) × 10−15 6.611 × 10−18
107 18.16 1.33 (1.1 ± 0.3) × 10−15 1.432 × 10−18
110 19.51 1.446 (9.2 ± 1.9) × 10−16 1.737 × 10−18
113 20.92 1.549 (5.4 ± 0.5) × 10−16 2.110 × 10−18
115 21.89 0.908 (4.3 ± 0.2) × 10−16 2.403 × 10−18
120 24.42 1.698 (2.6 ± 0.3) × 10−16 3.326 × 10−18
72 10.50 1.377 (4.8 ± 1.2) × 10−16 4.119 × 10−19
Table I. The effective linear n0 eff and second-order n2 eff refractive in-
dexes of the thick specimens reconstructed with the FDTDmodeling
and predicted by the effective medium theory [19] n2RZPA for differ-
ent radii of spheres r. Here f is the volume fraction (concentration)
of inclusions, n2 eff is given with the standard deviation. The last row
was calculated for 1.6 µm thick sample, otherwise the thickness of
the specimens was 0.8 µm.
generation from silicon nanodisks in proximity to the mag-
netic dipole resonance was observed in Ref. [5]. It should be
noted that the second-order refractive index of the metasurface
in the range of the sphere sizes just below the magnetic dipole
resonance is an order of magnitude higher than that of the
thick samples with the same volume fraction of the nanopar-
ticles.
Of special importance is the fact that the sign of the effec-
tive second-order refractive index is inverted in some range
of the sphere sizes above the magnetic dipole resonance (r =
76−82 nm) or the first electric resonance (r = 101 nm) for
sparsely packed samples. This phenomenon emerges both for
the thick specimens and the metasurfaces. In order to vali-
date this, two simulations of the material with n0 of GaP and
the negative sign of the second-order refractive index were
performed (marked with asterisk in Tab. II). In these cases,
in the range of particle sizes above the magnetic dipole res-
r,
nm
f , % n0 eff n2eff , m
2/W n2RZPA, m
2/W
20 0.2825 1.00387 (6.6 ± 2.8) × 10−21 4.548 × 10−21
40 2.296 1.03542 (1.6 ± 0.3) × 10−19 4.377 × 10−20
50 3.896 1.0647 (6 ± 2) × 10−19 8.512 × 10−20
60 6.393 1.1400 (8 ± 2) × 10−18 1.736 × 10−19
65 7.938 1.218 (5 ± 1) × 10−17 2.473 × 10−19
70 9.791 1.371 (1.0 ± 0.1) × 10−15 3.602 × 10−19
70∗ 9.867 1.380 (−1.2 ± 0.1) × 10−15 −3.655 × 10−19
70 9.791 1.372 (9 ± 1) × 10−16 3.602 × 10−19
72 10.58 1.541 (4.3 ± 0.8) × 10−15 4.180 × 10−19
72 10.55 1.515 (3.8 ± 0.5) × 10−15 4.159 × 10−19
80 14.01 0.926 (−2.4 ± 0.7) × 10−16 7.569 × 10−19
80 14.16 0.963 (−5.5 ± 0.9) × 10−16 7.750 × 10−19
80∗ 14.16 0.963 (5.5 ± 1) × 10−16 −7.749 × 10−19
80 13.94 0.946 (−4 ± 1) × 10−16 7.482 × 10−19
85 16.66 1.023 (9.8 ± 1.4) × 10−17 1.146 × 10−18
90 19.27 1.115 (1.5 ± 0.1) × 10−16 1.679 × 10−18
101 18.38 0.678 (−1.4 ± 0.4) × 10−15 1.478 × 10−18
105 28.86 0.352 (9 ± 5) × 10−16 5.593 × 10−18
113 24.99 0.840 (1.2 ± 0.2) × 10−15 3.568 × 10−18
Table II. The linear n0 eff and second-order n2 eff refractive indexes of
disordered metasurfaces reconstructed with the FDTD modeling and
predicted by the effective medium theory [19] n2RZPA for different
radii of spheres r. Here f is the volume fraction of inclusions. Aster-
isk denotes artificial material of the inclusions with n0 in = 3.49 and
n2 in = −6.5 × 10
−17 m2/W.
Figure 3. (Color online) Distributions of the time-average electric
energy density within the cross section of the initial part of the com-
putational domain along the Gaussian beam axis for different radii of
the spheres: 65 nm, 70 nm, 80 nm (from top to bottom). The beam
is incident on a monolayer of the GaP spheres.
4onance n2 eff is positive. It may be related to negative values
of effective magnetic permeability µeff (or electric permittiv-
ity εeff) which are observed for the inclusion sizes above the
magnetic (or electric) resonances (see e.g. [16]). Under these
circumstances, the specimen serves as a single negative meta-
material. When µeff < 0 or εeff < 0 and losses inside the sam-
ple are low, the light partially transmits through the specimen
by evanescent tunneling. For sphere sizes somewhat above
the Mie resonances, n0 eff < 1 was found. It is a known fact
that the effective refractive index at Mie-type resonance may
be under unity [20]. It should be emphasized that the only
a minor part of the light intensity transmits through the sin-
gle negative material (see Fig. 3). When the sphere radius is
80 nm the input flux is mostly reflected forming a standing
wave before the specimen. Moreover, the substantial portion
of the incident energy is scattered by the particles in different
directions in the vicinity of the resonance. Whereas for the
sphere radii just below magnetic dipole resonance, the nonlin-
ear nanocomposite is much more transparent to light simulta-
neously having large magnitudes of n2 eff . Thus, this range of
particle sizes is preferable for designing nonlinear nanocom-
posites.
In summary, the real part of the effective Kerr nonlinear
refractive index of the random nanocomposites consisting of
the high index spheres is estimated. It is shown that the nanos-
tructure second-order refractive index near theMie resonances
exceeds that of the bulk material by one or two orders of mag-
nitude. The metasurfaces display the larger Kerr nonlinearity
enhancement in proximity to the magnetic dipole resonance
than the thick samples. The sign of the second-order refrac-
tive index is inverted for the nanocomposite with the sphere
diameters slightly higher than the size of the Mie resonances.
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